Novelty and impact
In PDAC, chemoradiation is prescribed to patients with borderline resectable lesions, with the aim of reducing the tumor size to make surgery possible. The HER3 receptor is a key signaling hub in PDAC. We developed a novel antibody-drug conjugate targeting HER3 (HER3-ADC), which enhanced radiosensitivity of PDAC by arresting cells in G2/M. HER3-ADC increased the radiation response in mice xenografted with PDAC cells, through inhibition of survival, and induction of DNA break formation and apoptosis. The HER3-ADC plus irradiation combination would plausibly help to increase the rate of resection for patients with borderline resectable pancreatic cancer.
Introduction
Approximately 50-60% of all patients with cancer receive radiation treatment the efficacy of which is sometimes limited by radiation toxicities and tumor radioresistance. For instance, in pancreatic ductal adenocarcinoma (PDAC), chemoradiation is prescribed to patients with borderline resectable lesions, with the aim of reducing the tumor size and improving the feasibility of complete resection with free microscopic surgical margins (R0). Radiotherapy combined with chemotherapy may also be proposed for treatment of non-metastatic locally advanced disease (ESMO guidelines) 1 . Nevertheless, PDAC remains one of the most aggressive tumors with an extremely poor prognosis (survival rate of 6 months) and is expected to become the second leading cause of cancer-related death by 2030 2 . This dramatic outcome is related to the lack of efficient therapeutic tools, early diagnostic markers, and high resistance to chemo and radiotherapy 3 .
Reducing tumor radioresistance, limiting the exposure of the surrounding normal tissues, and improving tumor control are the major goals to improve radiotherapy efficiency in cancer.
Free payloads used in the antibody-drug conjugate (ADC) technology, such as maytansinoids or auristatins, are efficient radiosensitizers 4, 5 , but with high off-target side effects. ADCs that target EGFR or HER2 efficiently radiosensitize esophageal, gastric, head and neck tumor cells 5 . However, clinical trials that tested the combination of anti-EGFR or HER2 antibodies with gemcitabine for patients with pancreatic cancer did not find any additional benefit compared with gemcitabine alone 6, 7 , thus limiting the use of such antibodies for ADC-induced radiosensitization in PDAC. Moreover, ADCs derived from anti-EGFR or -HER2 antibodies should be used with caution due to the skin and heart toxicities observed with the naked antibodies.
The HER3 receptor is a key signaling hub in PDAC. HER3 expression correlates with tumor progression and reduced PDAC patient survival 8 . HER3 is one of the main actors of acquired resistance to EGFR-and HER2-targeted therapies through activation of a compensatory PI3K/AKT survival pathway 9, 10 , and antagonizes tumor growth inhibition by insulin-like growth factor receptor (IGFR) inhibitors 11 . The HER3 ligand neuregulin (NRG1) has been characterized as the dominant activator of the PI3K/AKT pathway in PDAC 12 .
Cancer-associated fibroblasts (CAFs) from the pancreatic tumor stroma secrete NRG1 to promote cancer cell proliferation by HER3/AKT signaling activation 13 . Moreover, the HER3/AKT/Src axis contributes to cancer cell survival following radiation therapy 14-16 , showing that HER3 is a critical radiation regulator, particularly in PDAC 17 .
We previously generated the non-NRG1 competing allosteric anti-HER3 antibody 9F7-F11 that binds to pancreatic tumor cells independently of neuregulin permeation 18 . It also blocks the PI3K/AKT pathway 19, 20 , and induces HER3 downregulation 21 , leading to in vivo tumor regression. Here, we asked whether coupling 9F7-F11 with a radiosensitizer, such as monomethylauristatin E (MMAE), by using the ADC technology could improve radiation therapy in PDAC. We found that the MMAE-9F7-F11 ADC (HER3-ADC throughout the text) was efficiently internalized in BxPC3 and HPAC pancreatic tumor cells and induced cell cycle arrest in G2/M, the most radiosensitive phase of the cell cycle 22 . HER3-ADC enhanced their radiosensitivity by decreasing clonogenic survival and modulating the DNA damage response. HER3-ADC also limited the compensatory activation of pro-survival AKT signaling after irradiation, and favored apoptosis by increasing caspase-3 cleavage and PARP activation. In vivo, HER3-ADC increased tumor control by radiation therapy in mice harboring BxPC3 cell and patient-derived xenografts (PDX). Targeted delivery of a radiosensitizer through HER3-ADC could broaden the therapeutic window of radiation therapy in pancreatic cancer.
Materials and Methods

Cell culture
The BxPC3, HPAC, CFPAC-1, Capan-1 and MiaPaCa-2 human pancreatic cancer cell lines, the A549 human lung carcinoma and the MCF7 human breast adenocarcinoma cell lines were obtained from the American Type Culture Collection (Rockville, MD). The cell lines were mycoplasma-free, as determined using the MycoAlert TM Detection Kit (Lonza, Switzerland), and were authenticated by short tandem repeat profiling using the Promega PowerPlex 21 System. The PDX P4604 was obtained from a resected hepatic metastasis surgery sample from a patient with PDAC treated with gemcitabine. The PDX P4604 was cryopreserved after three in vivo passages in nude mice (PDX platform, Institut de Recherche en Cancérologie de Montpellier). The cell line P4604 was derived from the PDX P4604 after in vitro serial passages. BxPC3, Capan-1, A549 and MCF7 cells were grown in RPMI medium with 10% fetal calf serum (FCS) and antibiotics, whereas HPAC, CFPAC-1, MiaPaca-2 and P4604 cells were cultured in DMEM with 10% FCS and antibiotics.
Reagents
Recombinant human HER3 extracellular domain (ECD) and recombinant human NRG1 ECD were from R&D Systems (Minneapolis, MN). The mouse anti-HER3 monoclonal antibody (mAb) 9F7-F11 was obtained as previously described 19 . The control antibody 12G4 is an anti-Müllerian Inhibiting Substance mAb. For western blotting, rabbit and mouse mAbs against proteins involved in DNA damage repair [phosphorylated (p-)ATM, p-CHK2, p-ATR, p-CHK1, p-NBS1, MRE11, RAD50, p-BRCA1, and DNA-PK), survival (p-HER3, p-AKT, STAT3 and p-STAT3), and apoptosis (cleaved caspase 3, cleaved PARP, p-BAD and BAD) were from Cell Signaling Technology (Danvers, MA).
Generation of the MMAE-based anti-HER3 antibody-drug conjugate (HER3-ADC)
HER3-ADC was synthesized and characterized by Levena Biopharma (San Diego, CA). 9F7-F11 19 was conjugated via the protease-sensitive linker maleimidocaproyl-valine-citrulline-paminobenzyloxycarbonyl to MMAE (MC-vc-PAB-MMAE) using the Seattle Genetics method 23 (patent US 7659241). The mean Drug to Antibody Ratio was determined by Hydrophobic Interaction Chromatography-High Performance Liquid Chromatography (HIC-HPLC) based on the SH/Ab ratio, and ranged between 3.4 and 4.3. HIC-HPLC analysis was performed on a Tosoh TSKgel Butyl-NPR column, with buffer A (20mM sodium phosphate, 1.5M ammonium sulfate, pH7.0) and buffer B (20mM sodium phosphate, 25% v/v isopropanol, pH 7.0), and an Agilent HPLC system. High-molecular aggregates were less than 2% in all preparations, as characterized by size-exclusion chromatography performed on a Tosoh TSKgel G3000SW-XL column, with buffer containing 150mM sodium phosphate and 300mM sodium chloride, pH7.0, and an Agilent 1100 HPLC system. The level of free MMAE was below 1%, as determined by reverse phase chromatography on a Zorbax Eclipse XDB-C18 column, with buffer A (0.05% trifluoroacetic acid in water) and buffer B (0.045% trifluoroacetic acid in acetonitrile).
Irradiation procedure
Cells were irradiated with a linear particle accelerator (Varian Medical Systems; Palo Alto, CA) at the Radiotherapy Department of the ICM hospital. Radiation was delivered as a single dose of 6MV-photons (2 to 4 Gy) in a 40cm × 40cm field size at a dose rate of 200UM/min. For in vivo experiments, radiation was delivered to the flank of anesthetized mice simultaneously in a 2cm x 2cm field size at dose rate of 400 UM/min (source-half depth distance, 100 cm).
HER3 binding assessment by ELISA
Flat-bottom 96-well Maxisorp plates (Nunc, Paisley, UK) were coated with 25ng/well of recombinant human HER3 ECD at 4°C for 18h, and then blocked with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) containing 0.1% Tween 20 (PBS-T). After washes in PBS-T, ten-fold dilutions of 9F7-F11 and HER3-ADC were added at 37°C for 2h.
After washes with PBS-T, antibody binding to HER3 was detected by incubation with a peroxidase-conjugated goat F(ab') 2 antibody against mouse F(ab') 2 (Jackson Immunoresearch, West Grove, PA) at 37°C for 1h. After three washes with PBS-T, 3,3,5,5 tetramethylbenzidine (Sigma, St Louis, MO) was used for detecting peroxidase activity before addition of 1M H 2 SO 4 to stop the reaction. Absorbance was measured at 450 nm.
Analysis of HER3-ADC internalization by immunofluorescence
For each assay, 3x10 4 cells were plated on coverslips in a 24-well plate. Two days later, during the logarithmic phase of growth, cells were incubated with 50 µg/mL of 9F7-F11 or HER3-ADC labeled with FITC (FluoProbes® 488, Interchim; France) at 4°C or 37°C for various times. Cells were then washed twice with PBS and 1mg/ml BSA (PBS-BSA), and once with PBS. After fixation in formalin (3.7% p-formaldehyde in PBS) for 40min, cells were permeabilized with 0.5% Triton X-100/PBS for 15min. Cells were washed twice with PBS-BSA and incubated in PBS-BSA for 40min. After three washes with PBS, coverslips were mounted with Vectashield ® with DAPI (Vector Laboratories, Burlingame, CA) and cells were visualized using an epifluorescence Zeiss Imager 2 (Zeiss, Germany).
Cell viability assay
Cells were plated in 96-well flat-bottom plates the day before starvation in 1% FCS for 24h.
HER3-ADC at different dilutions was then added for 5 days, with 50ng/ml NRG1. In absence of NRG1 stimulation, cells were maintained in 10% FCS and treated with HER3-ADC. Cell viability was then measured using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI). Colorimetry was measured at 490 nm absorbance. All experiments were done in triplicate.
Clonogenic survival
After trypsinization, cells were seeded in triplicate in 6-well plates and were incubated with HER3-ADC (different concentrations) in complete medium, 24h before irradiation (2Gy). At 10 to 14 days post-irradiation, cells were fixed with 1:3 acetic acid/methanol solution and stained with Giemsa in water (3.5:10) (Sigma-Aldrich, St Louis, MO). Colonies containing at least 50 cells were counted, and the surviving fraction was calculated as the fraction of surviving cells relative to untreated cells. All experiments were performed in duplicate.
Cell cycle analysis
After 24h-serum starvation (1% FCS), cells were incubated with various concentrations of HER3-ADC or 9F7-F11 together with 50ng/ml NRG1 for different time points before cell cycle analysis. Alternatively, 1 g/ml HER3-ADC was added 24h before irradiation (2Gy), and cell cycle was analyzed 24h after radiation exposure. In each experiment, cells were then fixed in 75% ethanol at 4°C for 10min, and then incubated with 100 g/ml RNase (Qiagen, Hilden, Germany). After staining with 40 g/ml propidium iodide (PI) (Sigma-Aldrich), cell cycle was analyzed with a Gallios flow cytometer using the Kaluza analysis software (Beckman Coulter, Brea, CA). All experiments were done in triplicate.
AnnexinV/7-AAD measurement by flow cytometry
After 24h-serum starvation (1% FCS), cells were co-incubated with 50ng/ml NRG1 and various concentrations of HER3-ADC or 9F7-F11 for 24h, before irradiation (4Gy). Apoptosis was measured 48h after irradiation using the Annexin-V/7-AAD Detection Kit (Beckman Coulter), according to the manufacturer's instructions. After PBS washes, cells were incubated with 10l AnnexinV-FITC and 20l 7-Amino Actinomycin D (7-AAD) at room temperature (RT) in the dark for 15min. Data were acquired on a Gallios flow cytometer and analyzed with the Kaluza software (Beckman Coulter). All experiments were performed in duplicate.
Tumor xenografts and treatment
All in vivo experiments were performed in compliance with the French regulations and ethical guidelines for experimental animal studies in an accredited establishment (Agreement No. C34-172-27). BxPC3 (3.5x10 6 ), HPAC (3.5x10 6 ) and P4604 (8x10 6 ) cells were subcutaneously injected in the right flank of six-week-old female athymic nude Hsd mice (Envigo; Huntingdon, UK). Tumor-bearing mice were randomized to different treatment groups (at least six animals/group) when tumors reached a volume of 100 mm 3 . Animals bearing BxPC3 and HPAC cell xenografts received 2 mg/kg of HER3-ADC by intraperitoneal injection twice per week for 4 weeks (Q3D-4W). Fractionated irradiation (4Gy) was performed 24h after each injection. Mice with P4604 xenografts received one single intravenous injection of 5 mg/kg of HER3-ADC before one single 8Gy fraction 24h later.
Tumor volumes were calculated by using the formula: D 1 x D 2 x D 3 /2. For survival analyses, mice were sacrificed when tumors reached a volume of 1000 mm 3 .
Immunofluorescence analysis of H2AX expression
Cells were seeded at a density of 2 x 10 4 cells/ml on coverslips in 24-well plates, and serumstarved for 24h. Cells were then co-incubated with 50ng/ml NRG1 and 5g/ml HER3-ADC or 9F7F11, before irradiation (2Gy) 24h later. At 30min post-irradiation, cells were rinsed with PBS, fixed in 4% formaldehyde at RT for 20min, and then washed with PBS. Cells were permeabilized in 0.5% Triton-X100 in PBS at RT for 15min. After two PBS washes, nonspecific binding was blocked by incubation with PBS-BSA at 37°C for 30min. Cells were then incubated with an antiH2AX (Ser139) antibody (1:200 in PBS-BSA; Millipore, Burlington, MA) at 37°C for 1h. After 3 washes in PBS-T, cells were incubated with an anti-mouse immunoglobulin G antibody-FITC conjugate (1:400 in PBS-BSA; Millipore) at 37°C for 40min.
After three washes in PBS-T, coverslips were mounted with Vectashield with DAPI, and H2AX foci were visualized using an epifluorescence Zeiss Imager 2 (Oberkochen,
Germany).
Immunohistochemistry
Immunohistochemistry (IHC) analysis of formalin-fixed, paraffin-embedded (FFPE) tissue sections from tumor xenografts was performed as described previously 20, 24 . Quantification was done with the Image Scope software. Surgically excised, human FFPE PDAC specimens were cut into 4-µm sections that were deparaffinized in xylene and hydrated in graded alcohols. Antigen retrieval was performed at 97°C for 20 min in EnVision® Target Retrieval Solution High pH (Dako, Glostrup, Denmark). Sections were then incubated at 37°C with mouse monoclonal anti-HER3 (clone DAK-H3-IC, Dako) or mouse anti-Neuregulin (clone 7D5, Novus Biologicals, Littleton) antibodies diluted at 1:50 for 2h. The antigenantibody reaction was revealed using EnVision® Flex DAB System in a Dako Autostainer Plus automate. IHC staining was interpreted by an expert pathologist who was blind to patient information.
Phosphokinome and stress/apoptosis signalosome
After serum starvation for 24h, BxPC3 cells were incubated with 1g/ml HER3-ADC and 50ng/ml NRG1 for 24h, prior to irradiation (2Gy). Cell lysates, prepared 60min later, were used to determine: i) the relative phosphorylation levels of 43 kinases with the Human Phospho-Kinase Array kit (RD Systems, Minneapolis, MN); ii) the expression levels of 35 apoptosis-related proteins with the Human Apoptosis Antibody Array kit (RD Systems); and iii) the expression levels of 19 signaling molecules involved in the regulation of the stress response and apoptosis with the Human Stress and Apoptosis Signaling Antibody Array kit (Cell Signaling Technology). Expression levels were determined by quantification with the ImageJ software.
Electrophoresis and western blotting
After serum starvation for 24h and washes in PBS, cells were co-incubated with 50ng/ml 
Statistical Analysis
Statistical analysis of in vivo data was performed using the STATA 11.0 software (StataCorp., College Station, TX) as previously described 19 . Statistical analysis of the in vitro results was done with GraphPad Prism 6 (San Diego, CA) using one-way ANOVA followed by the Dunnett's test (comparison with untreated cells).
Results
HER3-ADC is internalized and inhibits viability of pancreatic cancer cells
We initially checked that HER3-ADC binds to and is internalized in tumor cells. ELISA assays showed that like the naked antibody 9F7-F11, HER3-ADC bound to HER3 in a dosedependent manner, with a half-maximal effective concentration (EC 50 ) of 1.98±0.74 ng/ml (9F7-F11: EC 50 =1.93±0.96 ng/ml) ( Fig. 1A) . Microscopy monitoring of fluorescein-labeled HER3-ADC internalization in MCF7 cells at 4°C and 37°C (Fig.1B) showed that at 10min, fluorescence was localized at the cell surface. At 4°C, fluorescein-labeled HER3-ADC remained at the cell membrane throughout the experiment. Conversely, at 37°C, we detected small intracellular patches of fluorescein-labeled HER3-ADC already at 30min post-binding and up to 120min, demonstrating HER3-ADC internalization in tumor cells. HER3-ADC internalization was comparable to that of fluorescein-conjugated 9F7-F11 ( Supplementary   Fig. S1 ). We then tested HER3-ADC effect on the viability of the pancreatic cancer cell lines BxPC3 and HPAC, and the PDX cell line P4604. These three cell lines express HER3 at comparable levels ( Supplementary Fig. S2 ). HER3-ADC (1 to 5g/ml) inhibited BxPC3, HPAC and P4604 cell viability in a dose-dependent manner, particularly after stimulation with recombinant NRG1 (Fig. 1C ; NRG1-stimulated cells) to mimic NRG1 paracrine secretion by stromal CAFs. At the highest HER3-ADC concentration, viability was inhibited by 90% in stimulated BxPC3 cells, and by 30% and 25% in stimulated HPAC and P4604 cells, respectively. Naked 9F7-F11 was less efficient at the 1-5g/ml concentration range we used in this experiment, although previously showing efficacy at higher doses 18, 19 , and the negative antibody control did not affect cell viability (Fig.1C) . No effect on cell viability was also observed on HER3-negative pancreatic cancer cells Capan-1 and MiaPaCa-2 ( Supplementary Fig.S3 ). Finally, clonogenic survival of BxPC3 and HPAC cells was reduced by HER3-ADC in a dose-dependent manner (Fig.1D ).
HER3-ADC induces pancreatic cancer cell cycle arrest in the G2/M phase
To examine HER3-ADC effects on the cell cycle and apoptosis, we incubated serum-starved BxPC3 cells with NRG1 and various concentrations of HER3-ADC. At different time points (0.5h to 48h), we stained cells with PI to analyze the cell cycle ( Supplementary Fig.S4A ), or with annexin V/7-AAD to discriminate between early and late apoptotic cells ( Supplementary   Fig.S4B ). Incubation with HER3-ADC, but not with medium alone or 9F7-F11, resulted in a time-dependent increase of G2/M-arrested cells ( Fig.2A) . At 24h-post exposure, 49% of cells incubated with 5g/ml HER3-ADC were in the G2/M phase, compared with 19% of cells incubated with 5g/ml 9F7-F11 (Fig.2B) . Conversely, 9F7-F11 promoted accumulation of BxPC3 cells in the G1 phase, as previously reported 19 . HER3-ADC promoted accumulation in G2/M also of HPAC cells (data not shown). At 24h, the sub-G1 DNA content (an indicator of apoptosis-related DNA fragmentation) was also increased in HER3-ADC-treated BxPC3 cells compared with medium-or 9F7-F11-treated cells (Fig.2C) . In agreement, the percentage of early (annexin V-positive/7-ADD-negative) and late (annexin V-positive/7-ADD-positive) apoptotic cells at 48h post-exposure was higher in HER3-ADC-treated than in medium-or 9F7-F11-treated cells (Fig.2D) . These data suggest that in pancreatic cancer cells, HER3-ADC induces cell cycle arrest in the G2/M phase and promotes apoptosis.
HER3-ADC enhances radiosensitivity of pancreatic cancer cells
As HER3-ADC promotes arrest in G2/M, the most radiosensitive phase of the cell cycle, we next investigated whether HER3-ADC increases pancreatic cancer cell radiation response by analyzing the clonogenic survival of BxPC3, HPAC and P4604 cells. At day 14 posttreatment, the number of Giemsa-stained colonies was much lower in cells incubated with 2 or 5g/ml HER3-ADC 24h before irradiation (2Gy) than in cultures incubated with HER3-ADC alone or only irradiated (Fig.3A) . This was confirmed by quantification of ethanol solubilized blue colonies (Fig.3B) , and by measurement of the surviving fraction of BxPC3 cells exposed to medium, radiation (2Gy) or/and HER3-ADC ( Supplementary Fig.S5 ). These results demonstrated that HER3-ADC enhances pancreatic tumor cell radiosensitivity. In contrast, naked 9F7-F11, at dose of 100g/ml, did not synergize with irradiation, as demonstrated by clonogenic survival of CFPAC-1 and HPAC cells ( Supplementary Fig.S6 ).
HER3-ADC increases the radiation response in mice xenografted with pancreatic cancer cells and PDX cells
To determine whether HER3-ADC-induced radiosensitization could improve the response to radiation therapy in vivo, we treated mice xenografted with BxPC3 or HPAC cells with HER3-ADC (2mg/kg) and/or irradiation (4Gy) 24h after every HER3-ADC injection (Q3D-4W). The HER3-ADC+radiation therapy combination increased the median survival by 21 days and by 19 days in BxPC3 and HPAC cell-xenografted mice, respectively, compared with irradiation alone, and by 35 days and 44 days, respectively, compared with control ( Fig.4A and 4B ). We did not observe any weight loss during the experiment (data not shown), suggesting limited toxicity of the HER3-ADC+radiation combination. Similarly, in nude mice xenografted with the PDX P4604, the combined treatment (single dose of 8Gy of irradiation 24h after 5mg/kg HER3-ADC) increased the median survival by 30 days compared with irradiation alone, and by 41 days compared with control ( Fig.4C) . At 75 days post-treatment of P4604-xenografted mice, all mice treated with the HER3-ADC+irradiation combination were still alive, whereas most of the mice treated with radiation alone, and all control mice were dead (tumor volume = 1000mm 3 ). These results indicate that HER3-ADC efficiently promotes the radiation response in pancreatic tumor cell lines and PDX. Moreover, analysis of PDX P4604 samples at day 15 post-treatment ( Fig.4D) showed that the number of cancer cells positive for KI67 (cell proliferation) ( Fig.4E ) and for cleaved caspase-3 (apoptosis) (Fig.4F ) was reduced in mice treated with HER3-ADC+radiation compared with mice that were only irradiated.
As the 9F7-F11 antibody is more effective in the presence of NRG1 18 , we investigated by immunohistochemistry HER3 and NRG1 expression in tumor specimens from 45 patients with PDAC ( Fig.4G ). NRG1 and HER3 were expressed in 21 (46%) and 10 (22%) PDAC samples, respectively, and co-expressed in 7 samples (15%) (Fig.4H) , indicating that 70% of the HER3-positive PDAC samples were also NRG1-positive.
HER3-ADC increases DNA double-strand break formation in irradiated pancreatic cancer cells
To thoroughly investigate HER3-ADC effect on cell radiation response, we first characterized the radiation-induced DNA damage by examining H2AX expression (a marker of DNA double-strand break formation) by flow cytometry after irradiation (2Gy). As exemplified in Fig.5A and quantified in Fig.5B , the number of H2AX-positive BxPC3 cells measured by flow cytometry was significantly higher in cultures incubated with HER3-ADC 24h before irradiation compared with cultures exposed only to HER3-ADC (p<0.01) or irradiation (p<0.1) ( Fig.5B ). This was confirmed by immunofluorescence ( Fig.5C ) where quantification of H2AX foci (Fig.5D ) showed a significant increase in the number of H2AX foci (up to 12±2) in BxPC3 cells incubated with HER3-ADC before irradiation compared with cells pre-incubated with medium or 9F7-F11 before irradiation (around 5.5±3 foci) (p<0.001) and with nonirradiated cells (between 2.5±1 and 5.5±2 foci) (p<0.001). Moreover, the percentage of irradiated BxPC3 cells with more than 15 H2AX foci per nucleus (Fig.5E ) was significantly increased after pre-incubation with HER3-ADC (around 35% cells) compared with all other conditions (p<0.001). These data indicate that HER3-ADC-induced radiosensitivity in pancreatic cancer cells can at least in part be explained by a significant increase of severe DNA damage.
HER3-ADC inhibits the radiation-induced survival pathway, and promotes the DNA damage response and apoptotic signaling
To better understand the molecular mechanisms underlying HER3-ADC-induced radiosensitivity we analyzed the phosphokinome and stress/apoptosis signalosome in NRG1stimulated BxPC3 cells pre-incubated or not with HER3-ADC 24h before irradiation.
Irradiation alone induced the phosphorylation of different proteins involved in cell survival, proliferation and inflammation at 1h post-exposure (Fig. 6A) . Pre-incubation with HER3-ADC reduced the irradiation-induced phosphorylation of some of these proteins, such as AKT, GSK3, AMPK, STAT family members, and -catenin. Conversely, it increased the expression/activation of pro-apoptotic factors, such as the expression of death receptors DR4 and DR5, BAX and BAD, the cleavage of caspase 3 and PARP, and the phosphorylation of SMAD2 that favors TGF-induced apoptosis. Pre-incubation with HER3-ADC also reduced the expression levels of anti-apoptotic proteins, such as phosphorylated BAD, cleaved IAP1, XIAP and survivin, as well as of phosphorylated STAT3 and STAT5. The cellular response to radiation-induced DNA damage mainly involves the ATR/CHK1 and ATM/CHK2 pathways that are activated by DNA single-strand breaks (SSB) and doublestrand breaks (DSB). Irradiation significantly increased the phosphorylation of the DNA damage checkpoint protein CHK2 (Fig. 6A) . Pre-incubation with HER3-ADC did not affect the radiation-induced phosphorylation of CHK2, whereas it further reduced CHK1 phosphorylation. Finally, some positive or negative changes in expression/phosphorylation occurred early post-irradiation (0.5-1h) with a rapid return to baseline levels (e.g., p-p53, p-CHK2, p-SMAD2 and p-BAD) ( Supplementary Fig.S7 ). Other radiation-induced changes (e.g., cleavage of caspase-3 and PARP, and CHK1 phosphorylation) progressed over time until 24h (end of the experiment), whereas other proteins (e.g., p-AKT, p-IB and IB remained stable throughout the experiment. To confirm these results, we performed western blot analysis of cell lysates collected at 1h and 24h post-treatment (Fig.6B ). Proteins involved in DSB DNA repair, such as p-ATM, p-CHK2, p-NBS1 and p-BRCA1, showed increased phosphorylation in response to irradiation, and also to HER3-ADC pre-incubation.
Conversely, radiation-induced p-CHK1 expression (a marker of SSB DNA repair) was reduced in cells pre-incubated with HER3-ADC. Expression of MRE11, RAD50 and DNA-PK was globally not affected by HER3-ADC and irradiation, except for a slight increase of RAD50. Western blot analysis confirmed the early inhibition by HER3-ADC of AKT, HER3, and STAT3 phosphorylation (at 60 minutes). The increased expression of cleaved caspase-3 and PARP and reduction of p-BAD at 24h post-treatment (Fig.6B, bottom 
Discussion
Increasing the number of patients with PDAC eligible for R0 surgical resection is a major goal for improving the prognosis of pancreatic cancer. Chemoradiation is one way to achieve this aim, but results are quite limited with gemcitabine combination or FOLFIRINOX chemotherapy before chemoradiation 1 , mainly due to undesired off-targeted effects. In this study, we demonstrated that the ADC based on MMAE and the anti-HER3 antibody 9F7-F11 is an efficient radiosensitizer to improve chemoradiation in PDAC. Several antibody-based compounds are currently evaluated in the clinic, but none has been approved, alone or combined with radiation, for use in pancreatic cancer. Auristatin-based antibody-drug conjugates, directed against CD70 25 , mesothelin 26 , tissue factor 27 , nectin-4 28 and SLC44A4 29 , have been tested as mono or combined therapy 29, 30 in patients with PDAC with comparable efficiency as the standard-of-care 30, 31 . Although HER3 is expressed in PDAC 8 and regulates survival signaling in tumor cells [9] [10] [11] [12] , no HER3-specific ADC has been proposed for this indication, particularly in combination with radiation. Radiosensitizing pancreatic tumors with HER3-ADC could have several advantages, such as reducing the doses of both agents to limit adverse side effects, increasing the therapeutic window of radiotherapy, modulating the pancreatic tumor microenvironment, and combining multiple mechanisms of action to reduce the risk of tumor resistance and radioresistance. HER3-ADC fulfills these criteria by inducing arrest in G2/M, the most radiosensitive phase of the cell cycle, promoting caspase 3-mediated signaling and programmed cell death, inhibiting radiation-induced AKT-and STAT-mediated survival, and enhancing DNA DSB formation.
Moreover, irradiation favors tumor control by inducing immunogenic modulation, leading to enhanced immune response 32 , and also by upregulating tumor cell antigens from the EGFR family that are subject to antibody-dependent cell-mediated cytotoxicity (ADCC) 33 .
Therefore, besides radiosensitization, the HER3-ADC+radiation combination could increase ADC-mediated killing by ADCC following radiation-induced cell surface overexpression of tumor antigens (e.g., HER3). PDAC is characterized by a nearly impenetrable and hypoxic stroma that limits drug delivery to tumor cells, and subsequently treatment effectiveness 34 . This dense desmoplastic stroma consists of vasculature, cellular (immune cells and fibroblasts) and acellular (extracellular matrix containing collagen, fibronectin and hyaluronan) components. Such physical barrier contributes to the failure of targeted monotherapies against antigens expressed on tumor cells (EGFR and HER2) or immune stromal cells (CTLA4 and PD1). Radiation could help to reduce the fibrotic microenvironment by modifying tumor permeability and vasculature, and decreasing interstitial fluid pressure 35 , thus favoring the tumor cell uptake of drugs, such as HER3-ADC. Interestingly, it has been suggested that radiation induces a "proteolytic switch" by modulating protease activity in the PDAC microenvironment 4 , thus facilitating the localized delivery of therapeutics in tumors. On the other side, HER3-ADC-induced radiosensitization will reduce hypoxia-mediated radioresistance in the PDAC microenvironment.
We also found that HER3-ADC prevents radiation-induced compensatory activation of HER3 and AKT 15, 16, 36, 37 . Moreover, by indirectly affecting HER2/HER3 heterodimer formation upon binding to HER3, as we previously demonstrated for the naked antibody 9F7-F11 20 , HER3-ADC could modulate HER2-mediated activation of ATM/ATR signaling, CHK1 and CHK2 phosphorylation, leading to G2/M arrest 38 . This effect could be additive with the MMAEmediated upregulation of DNA damage checkpoint proteins in irradiated cells 4 . Incubation with HER3-ADC before irradiation synergistically reduced phosphorylation of STAT3 and STAT5 in pancreatic cancer cells. The STAT family controls cell cycle progression, apoptosis and tumorigenesis, as well as inflammation, through direct phosphorylation of receptor tyrosine kinases (e.g., EGFR) or other kinases (e.g., Src) 39 . In addition, STAT3 plays a prominent role in mediating chemoradiation resistance 40 . Altogether, HER3-ADC-induced radiosensitization of PDAC cells could impair STAT-mediated resistance to chemoradiation, subsequently improving radiation therapy. Following modulation of the DNA repair machinery by HER3-ADC, most unrepaired cells will enter apoptosis after radiation. The ability of HER3-ADC to increase caspase 3 cleavage and PARP activation and to downregulate anti-apoptotic proteins will promote radiation-induced programmed cell death of pancreatic tumor cells.
In vivo, the MMAE-based HER3-ADC induces a more robust and prolonged radiation response, thus improving tumor control in mice. A single dose of 2.5 to 5 mg/kg HER3-ADC contains 0.04 to 0.08 mg/kg of MMAE, which is less than 10% of the maximum-tolerated dose for this free payload 41 . To date, uncleavable saporin-or MMAF-conjugated HER3specific ADCs have been pre-clinically proposed as monotherapy for melanoma 42, 43 . The anti-HER3 antibody patritumab conjugated to a topoisomerase I inhibitor via a cleavable linker is currently tested in phase I/II trials for patients with metastatic breast cancer 44 and has been pre-clinically demonstrated to be an effective treatment for EGFR-mutant NSCLC with acquired resistance to EGFR TKIs 45 . However, no HER3-specific ADC linked to a cleavable MMAE has been proposed for the radiosensitization of pancreatic tumors. Our MMAE-based HER3-ADC is derived from the 9F7-F11 antibody that has a completely novel pharmacological profile (non-ligand competing allosteric drug) and higher anti-cancer efficacy in the presence of its ligand NRG1 18 . These 9F7-F11 features perfectly match the clinical profiles of patients with PDAC identified as druggable with anti-HER3 antibodies (i.e., HER3positive NRG1-addicted or NRG1-rearranged tumors) 46, 47 . Moreover, 80% of PDAC mass consists of dense and massive cell stroma with non-tumor cells that secrete growth factors, such as NRG1 13 . HER3 expression has been correlated with advanced stage of PDAC and decreased survival 8, 10 . Together with IGF-1R, HER3 can also serve as drivers of tumor growth and resistance to standard-of-care chemotherapy in metastatic PDAC 12 . In such case of disseminated PDAC where irradiation is not recommended, combining HER3-ADC with chemotherapy could re-sensitize pancreatic cancer cells to chemotherapy, similarly as those observed with patritumab-ADC in TKI-resistant NSCLC 45 .
Next-generation payloads, with optimized linkers, spacers, and well-defined drug-antibody ratios 48 , could be investigated to further improve the radiosensitizing effect we observed. In pancreatic cancer, HER3-ADC could also be coupled with magnetic resonance imagingguided radiotherapy, a new technique that improves soft tissue contrast and target identification together with accurate dose calculation and collimated X-ray beam delivery 49,50 .
In such way, the HER3-ADC plus irradiation combination would plausibly help to increase the rate of R0 resection for patients with borderline resectable pancreatic cancer. 
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